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ABSTRACT 
Recently it has become possible to achieve radical manipulation of surface wettability, and wettability is 
known to play a key role in the retention of condensate and frost melt on heat exchanger surfaces. In this 
paper we present a review of methods to produce such surfaces, and we describe a super-hydrophobic surface,  
with a contact angle of 148°, created in our lab. We describe surfaces with micro-posts and micro-grooves, 
and the wetting behavior of these surfaces and early growth of condensate is studied experimentally. The 
rapid spreading of droplets is observed for surfaces with silicon grooves and posts while an anisotropic 
wetting is observed for the droplets on the surface with SU8 grooves. The results of our microscopic 
observations show that condensate drops group around the posts on the super-hydrophobic surface, but 
condensate forms a thin film on the surface with silicon posts. Condesnate is drawn into the grooves mainly 
by surface tension.on the anisotropic surface.  
 
1. INTRODUCTION 
When a liquid water droplet rests a solid substrate, a finite angle is formed between the liquid and solid 
interface at the three-phase contact line. This angle, defined as contact angle (θ), for virtually all real systems 
lies between 0° and approximately 110°. Complete wetting (θ =0°) or complete non-wetting (θ =180°) is 
difficult, if not impossible, to achieve on ordinary surfaces. Only recently super-hydrophobic surfaces with 
contact angles of approximately 150° or greater have been produced in laboratories. A review of methods to 
produce such surfaces is provided in Table 1, along with a list of the procedures and materials, equilibrium 
contact angles (θe), maximum advancing contact angles (θa,max), corresponding receding contact angles 
(θr,max), and contact angle hysteresis (Δθ) manifested by the surface. The procedures to generate such surfaces 
vary significantly from chemical reactions to classical photolithography techniques. The materials used to 
produce such surfaces can be metals (copper or aluminum), silicon, polymer (SU-8 photoresist), silicone 
(PDMS), wax (AKD) and others. Although super-hydrophobic surfaces reported in the open literature span a 
range of materials and methods, the two basic principles underlie all these approaches for creating super-
hydrophobic surfaces: 1) The roughness of these surfaces is very large, and the distance between two adjacent 
asperities on the surface and the size of the asperity are on the order of micrometers or nanometers. 2) The 
surface energy of the surface material is low, that is, the contact angle on an ordinary flat surface made of the 
same material without micro-scale asperities is relatively large. Therefore, not only the chemical properties of 
the surfaces but also their geometry contribute to achieving super-hydrophobicity.  
 
Significant attention has been directed at how to make such surfaces, the motion of droplets on the surfaces, 
and the mechanisms causing high hydrophobicity.  Quere and Bico et al. (1999) condensed water vapor to 
study contact angle hysteresis and sliding angle on a super-hydrophobic surface. The contact angle was 164° 
and contact angle hysteresis was 5° when a droplet was deposited on the surface. When a drop was formed by 
condensation, the contact angle was 141° and the hysteresis is 100 to105°. No explanation was provided. To 
our knowledge, this is the only paper available in the open literature reporting condensation on super-
hydrophobic surfaces. In work now reported, wetting behavior and microscopic observations of condensation 
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Table 1. A review of the procedure to produce super-hydrophobic surfaces 
procedure θe  
(° ) 







oxygen plasma treated PTFE  -- 171 162 9 Morra(1989), 
Coulson (2000)  
polymerization combined with hydrophobic silicium dioxide 156 -- -- -- Murase (1994 ) 
vacuum-deposited PTFE powder on glass plates  -- 146 60 86 Miller (1996) 
solidification of AKD (a kind of wax) to form a fractal surface 174 -- -- -- Shibuichi (1996), 
Onda (1996) 
porous Al2O3 film, coated by a water-repellent agent(FAS), on 
glass plates 
165 168 150 18 Tadanaga (1997), 
Shibuichi (1998) 
FAS or TMS film by PECVD 160 -- -- -- Hozumi (1997, 
1998) 
phase separation of organic paint with SiO2 particles >150 -- -- -- Sasaki, (1998) 
micro-structured silicon surfaces coated by fluorosilane   -- 170 155 15 Bico, (1999) 
silica or boehmite films coated by fluoroalkylsilane 152 -- -- -- Nakajima(1999, 
2000) 
plasma polymerization; plasma etching; surfaces with 
compressed PTFE particles 




0 ~3 Chen (1999), 
Youngblood (1999) 
silane-coated silicon surfaces with posts in different shapes  -- 176 156 20 Oner (2000) 
plasma-polymerized fluorocarbon film using CH4/C4F8 gas >150 -- -- -- Matsumoto (2000) 
boehmite film surface coated with FAS-17 160 -- -- --- Miwa (2000) 
polymer nanofibers and carbon nanotubes 166 -- -- -- Feng (2002) 
DRIE etching on silicon and then coat with Teflon  >175 -- -- -- Joonwon (2002) 
micro-structured silicon surface coated with fluoroalkylsilane 155 -- -- -- Yoshimitsu (2002) 
sol-gel phase-separation process -- 156 152 4 Shirtcliffe (2003) 
carbon nanotubes with PTFE coating -- 170 160 10 Lau (2003) 
tin (Sn) film on silicon wafer ~ 85 ~ 152 ~139 ~ 13 Uelzen (2003) 
micro-structured PDMS surfaces 152 -- -- -- He (2003) 
micro-posts made of SU-8 treated with fluorocarbon 147 154 100 54 Shirtcliffe (2004), 
McHale (2004) 
copper surfaces with pillar structures from electrodeposition, 
and then coated with fluorocarbon 
160 -- -- -- Shirtcliffe (2004) 
nano-structured polymeric surfaces, aluminum sheet or 
aluminum oxide 
-- 156 148 8 Lee (2004) 
porous gold film formed by electrodeposition 131 -- -- -- Eabdelsalam (2005) 
silicon with micro-structures and commercially Al, copper, 
gold foils which coated with a fluorinated agent 
165 -- -- -- Furstner (2005) 
copper from etching or eletrodeposition and then coated with 
fluorocarbons 
155 -- --- -- Shirtcliffe (2005) 
 
 
2. EXPERIMENTAL APPARATUS 
The experimental apparatus shown in Figure 2, consisting of an aluminum open-loop wind-tunnel, TS-4ER 
thermal microscope stage, a scanning confocal microscope (SCM) and a data acquisition and control system 
has been developed to conduct experiments on the inception of condensation and frost formation with 
chemically and physically modified super-hydrophobic surfaces. The wind-tunnel controls the conditions of 
the air flowing over test substrates, and temperature and humidity are set to mimic air-conditioning and 
refrigeration conditions. The TS-4ER thermal microscope stage cools test substrates to a setting temperature. 
The scanning confocal microscope is used to observe the frost growth at the scale of microns.  
 
The wind tunnel flow channel provide a controlled air flow over the test substrates and is placed on the stage 
of the SCM under its objectives. The air channel is a 500 mm long section with a rectangular cross-section  3 
mm high, 8 mm wide, with an inlet contraction of 5.25:1. Three screens are installed in the contraction to help 
provide a uniform velocity profile. The test section for substrates is located 30 mm downstream from the 
contraction and 300mm (more than 25 hydraulic diameters in length) downstream from the entrance of 
airflow. A glass window is installed above the test section to provide optical access for visualization during 
condensation or frost growth. Type E thermocouples are installed to measure the air temperatures upstream 
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and downstream of the test section. The air temperature is set by passing the air flow through conditioning 
passages, through which an ethylene-glycol-water mixture circulates. The temperature of ethylene-glycol-
water mixture is controlled by a thermal bath and pumped to the wind tunnel. The airflow in the wind tunnel 
is supplied from a compressed air tank. Before entering the wind tunnel, the airflow is divided into three 
streams and two of them bubble through water, so that the humidity of the airflow can be controlled by 
adjusting the ratio of these streams. A 2-liter plenum with a capacitance-film sensor is placed in the airflow 
before it enters the wind tunnel to measure the humidity. After the air flows into the wind tunnel, its 
temperature is set by adjusting the conditions of the ethylene-glycol flow and letting the air, the wind channel 
and the ethylene-glycol flow reach steady state. The airflow exits the wind tunnel and enters the laboratory. 
Rotometers are used to measure the volumetric flow rate in each stream. During experiments, the wind tunnel 
is well insulated to isolate it from the ambient, and a flow of nitrogen is used to blow away the ambient air 
above the glass window, in order to avoid condensation on the viewing window of the SCM.   
 
 
Figure 1 (a)wind-tunnel with the test section under the objectives of SCM; (b) thermoelectric (Peltier) 





















A PC-based data acquisition system (National Instruments) is used to collect the real-time experimental data 
and to control the motion of the SCM. The uncertainties of the measured variables are as follows: ±0.2 °C for 
the air temperatures in the wind tunnel; ±0.1°C for the temperature of the Peltier cold surface; ±0.1°C for the 
air temperature measured by humidity transmitter; ±1% for the relative humidity in the range from 0 to 90% 
and ±2% between 90% and 100%; ±0.1 μm for the vertical position of the SCM stage; and ±0.5 liter/min for 
the airflow rate. The experimental apparatus was tested to check the repeatability and stability of the 
measured parameters. Over the course of an experiment, the maximum temperature variation of the copper 
surface attached to the cold Peltier was ±0.31°C over an 8 cm2 area exposed to room-temperature quiescent 
air; the variation of humidity ratio of the airflow was ±0.00016 kg-water/kg-dry-air over a period of one hour 
and thirty minutes; the temperatures of the airflow in the wind tunnel had a variation of± 0.05 °C over a 
period of two hours and twenty six minutes. Prior to an experiment, a stream of dry nitrogen flows through 
the wind tunnel. Inside the wind tunnel, the temperature of the nitrogen flow and the test substrate are set to 
the desired temperature. Outside the wind tunnel, the airflow is to the desired humidity ratio. An experiment 
is initiated by switching the dry nitrogen flow to airflow. 
 
In these experiments, silicon wafers were used to make substrates with various surface morphologies. Clearly, 
in air-dehumidification systems the heat exchanger will not be made from silicon. The use of silicon allows 
for a highly controlled surface, both in terms of geometric shape and dimension, and in terms of chemistry. 
The processing and control of micro-scale structures and surface chemistry are well established for silicon; 
therefore, it allows for study of structure and chemistry effects in a controlled way. Ultimately, the 
phenomena under study here are likely to be exploited with aluminum or other conventional heat exchanger 
materials. There are good reasons to believe that microstructure can be imparted to aluminum in a roll-to-roll 
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process, at a low cost. We used standard photolithography methods to create patterns on the surface of silicon. 
The silicon wafers are one-side polished, test grade, (type N, silicon 100), 100 mm in diameter and 475 – 575 
μm thick. In order to modify the surface topography, we used a two-step process: (1) we transferred designed 
patterns to the photoresist layer on the silicon surface, and then (2) we used an Inductively Coupled Plasma–









mask   
(a) priming wafer 
(b) spin coat  
(c) exposure 
(d) development 
& hard baking 
(e) dry etching 
(f) stripping  
 
Figure 2 photolithography method used to modify surface topography 
3. RESULTS AND DISCUSSION 
3.1 Wetting Behavior of Sessile Droplets 
The geometric specifications for the sample surfaces are provided in Table 2. The feature sizes of the patterns 
are given as diameter or width, and height. An image of the contact angle on sample #1 and an image of its 
surface structure are provided in Figure 3. The contact angle on sample #1 is 148° (for a 3 mm-diameter 
droplet). The contact angle on smooth, untreated silicon is 42° (for a 1 mm droplet) and the contact angle on a 
flat polydimethylsiloxane (PDMS) surface is reported to be 114° [Lee et al. (2005)] (we measured 113°). 
Water droplets on samples #2 to #3 quickly wicked into the surface structures and formed a thin film. A 
Scanning Electron Microscope image of the surface of Sample #2 is shown in Figure 4. The surface structure 
of Sample #4 consists of grooves as shown in Figure 5, constructed of SU-8. It has been reported that the 
contact angle on a flat SU-8 surface is 80° [McHale et al. (2004)]. Thus, this surface composes of two 
materials: silica with a contact angle of 40° and SU-8 with a higher contact angle. When droplets are 
deposited on Sample #4, two values of the contact angle are observed when droplets are viewed from 
different directions: approximately 128° when viewed parallel to the channel and 65° when viewed 
perpendicular to the channel. This behavior is different from that on Sample #3 whose surface is a uniform 
silicon wafer surface and on which water droplets are wicked into the microchannel right after deposition.  
 
Table 2. Characteristics of the sample surfaces 
Surface structure Sample #1 Sample #2 Sample #3 Sample #4 
Shape circular  square  groove groove 
Diameter or width (μm) 20 30 30 30 
Height (μm) 21 24 24 26 
Distance between rows (μm) 40 30 30 30 
Equilibrium contact angle ( °) 148 0 0 depends 
Droplet sliding angle ( °) < 5 – – – 
Droplet diameter (mm) 3 – – – 
Surface material PDMS silica silica silica + SU-8 
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Figure 3.  (a) water droplet (d=1mm) on untreated silicon surface; (b) water droplet (d=3mm)on sample #1; 




















Figure 4 SEM image of Sample #2 
 
 
Figure 5. Sample #5 made of SU-8 (a) microscopic image; (b) droplet viewed parallel to the 













3.2 Microscopic Observation of Condensation  
Preliminary observations demonstrate that the behavior of the contact line on topographically modified 
surfaces is much more complex than on conventional surfaces. Surface modification generates patterns in the 
motion of the liquid phase as shown in Figure 6. At the initial stage, when droplets are much smaller than the 
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surface features, droplets appear everywhere–the top surface of posts and the surface between the posts on 
both Sample #1 and #2. As the condensate accumulates, the droplets group together around posts on Sample 
#1, while condensate forms a thin film on Sample #2. This behavior is an important factor influencing 
condensate retention and frost growth. The density and conductivity of the frost layer growing from dropwise 
condensate (Sample #1) must vary significantly from that growing from filmwise condensate (Sample #2).  
 
    
 
(a) Condensate with Sample#1 @ Tair = 21.1°C; RH = 51.7%; substrate @ 1.8 °C 
 
    
 
(b) Condensate with Sample #2 @ Tair = 20.6°C; RH = 52.7%; substrate @ 1.5°C  
 
Figure 6. Different patterns of condensate on Sample #1 and #2. 
 
Microscopic observations of condensation on Samples #3 and #4 under the similar environmental conditions 
are shown in Figure 7.  On both Sample #3 and #4, condensate appears on both the top surface and bottom 
surface of the micro-grooves. Once the condensate on the top surface accumulates to certain amount, it falls 
into the grooves. The condensate on the bottom surface of the grooves is moved by surface tension and drawn 
to form big droplets which cover several grooves. There are a few differences in condensate between the SU8 
grooves and the silicon grooves.  The time to grow new condensate on silicon grooves is shorter than that on 
SU8 grooves after the condensate on the top surface falls into the grooves. Because the amount of condensate 
observed during the experiments is very small, it is expected that gravity does not play a role in the motion of 
the condensate. Instead, surface tension may be the dominant force to drive the movement.   
 
4. CONCLUSIONS 
Super-hydrophobic surfaces have attracted significant attention recently. In this paper, a review of the 
methods to produce such surfaces is provided. A super-hydrophobic surface and surfaces with micro-
structures are successfully generated, and the wetting behavior and the growth of condensation on these 
surfaces are studied in the experiments. The preliminary results show: 
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(a) Condensate coalescence on Sample #3 (silicon grooves) 
      
(a) Condensate coalescence on Sample #4 (SU8 grooves) 
Figure 7 Microscopic observation of condensation on micro-grooved surfaces 
 
• Sessile droplets form a truncated sphere, with a contact angle of 148° on the super-hydrophobic 
sample, but spread rapidly to form a thin film on the surfaces with silicon posts and grooves. An 
anisotropic wetting is found on the surface with SU8 grooves.  
• Condensate appears everywhere on the surfaces when it is smaller than the dimension of micro-
structures. There are significant difference during the coalescence of droplets on surfaces with 
different structures.Droplets can group around the posts, form a thin film, or fall into the grooves. 
This behavoir could play a role on macro-scale condensate drainage and frost formation after.    
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